[Abstract] Assessment of chloroplast movements by measuring changes in leaf transmittance is discussed, with special reference to the conditions necessary for reliable estimation of blue light-activated chloroplast responses.
, from an L-793SRD-B LED (Kingbright) ( Figure 1B ). Fluence rate of the actinic beam is controlled electronically using voltage-controlled current-source electronics ( Figure 1F ). An aperture in the sample holder limits the diameter of the transmitted light beam to about ½ of the incident one to ensure uniform illumination of the measured tissue fragment. The aperture diameter of 3.5 mm is used for Arabidopsis thaliana (Figure 2 ).
Note: Measurements on leaves of other plant species, such as aquatic angiosperms (Banaś and Gabryś, 2007) C. An opal glass-topped light guide is used to deliver the transmitted light to the signal detector ( Figure 1E ). This is a planar Silicon PN photodiode, model BPW20RF (Vishay Semiconductor) designed for high precision linear applications. The photodiode is integrated with a 660 nm interference filter and a double lens system ( Figure 1D ). The measuring beam is square-wave modulated with the frequency of 2 kHz to eliminate contributions from the photodiode dark current and external light sources. This also allows to supplement the actinic blue light with other selected wavelengths (Gabryś, 1985) ).
3. Following dark adaptation, a single leaf is detached from the plant and placed on a thin microscope slide mounted on the holder (Figure 2 ).
4. The leaf is flattened and positioned in the middle of the slide directly above the measuring aperture. It is important to avoid putting the major vein into the measuring area.
5. The leaf is covered with cling film stretched over a metal ring and its petiole is wrapped in a piece of water-soaked tissue paper to avoid drying during the experiment. (Jarillo et al., 2001) ( Figure 3A) . 1. The transmittance of a dark-adapted leaf is recorded for several minutes in physiological darkness to make sure that its level is stable.
2. Blue light of the desired fluence rate is turned on and the changes in transmittance are recorded for at least 45 min.
3. After the response reaches a plateau, the blue light intensity can be changed. ) for at least 45 min ( Figure 3B ).
H. Measurements under continuous light-one intensity at a time
Another approach is to measure chloroplast responses only to one light intensity at a time. In this case, we always illuminate a dark-adapted leaf and obtain a family of curves, each corresponding to one intensity (Jarillo et al., 2001 ). This is a standard approach if we want to compare the kinetics of chloroplast responses in various samples under various fluence-rates, as it ensures that chloroplasts start from the same position in the cell. For response amplitudes, both approaches are equivalent provided that amplitudes do not depend significantly on previous illumination but only on the current fluence-rate. This must be verified experimentally for the studied species. In the case of (Gabryś et al., 1981) .
3. If the goal of the experiment is to compare effects of different pulse durations on chloroplast movements in the same plant line, it is convenient to record the whole series on the same leaf.
After the transmittance curve is recorded, the leaf is transferred back to darkness for recovery and the response in a second leaf is measured. This dark recovery may be shorter than the initial adaptation period because the responses to pulses and the respective transmittance changes are small and usually level off within 1.5 h. Next, the first leaf is taken back and challenged with a light pulse of increased duration.
Data analysis
A. Calculation of movement parameters 1. To quantify the chloroplast movements, amplitudes (ΔT) and maximal velocities (dT/dt) of transmittance change during each illumination phase are calculated. These parameters can be estimated on a curve print-out using a ruler. Alternatively, they can be determined using software appropriate for analysis of numerical data, e.g., R, MATLAB or Mathematica.
Amplitudes are calculated relative to the dark transmittance level ( Figure 3B ). If the noise is substantial, the accuracy of the calculated values of amplitudes can be improved by smoothing the curves with a low-pass digital filter. Savitzky Golay filter (available e.g., in the free software R) is appropriate for curves with points spaced at equal distances, as is usually the case. If the points are irregularly spaced, the curve can be smoothed using local regression (also available in R). Maximal velocity can be determined by drawing a straight line, tangent to the transmittance curve at the point where the response is the fastest. The slope of the line is equal to the magnitude of the velocity. Numerical estimation of the velocity is possible with an appropriate digital filter. Savitzky-Golay filter can also be used for this purpose. It works by fitting a polynomial to points within a sliding window. The point in its center is replaced with a value predicted by the polynomial fit (for smoothing) or with the derivative of the fit (for velocity calculation). The degree of the polynomial should be low. We use quadratic polynomials. The width of the window is also specified by the user. Wider window allows for more efficient noise removal. However, the use of a too wide window may result in underestimation of the maximal velocity of movements. Thus, the width should be adjusted to the noise level and sampling rate of the equipment. For velocity calculation, we use the window width that corresponds to a 2 min interval.
Note: To better characterize the kinetics of chloroplast movements, it is advisable to plot rate (dT/dt) against time as in Łabuz et al., 2015 (Figures 1C and 1E-1F, therein). This facilitates estimation of the maximum velocity and the time after which the maximum velocity is achieved.
This also helps to assess whether the new light intensity was applied after reaching the stationary phase of the preceding response.
2. The chloroplast movements triggered by pulses can be quantified similarly to responses to continuous light. However, the response to a single pulse often consists of two phases-a fast, transient avoidance phase followed by a slower accumulation response (Sztatelman et al., 2006) . Thus, two amplitudes and two velocities should be calculated for a single pulse. 
